Abstract To date, 12 members of the human ABCA subfamily are identified. They share a high degree of sequence conservation and have been mostly related with lipid trafficking in a wide range of body locations. Mutations in some of these genes have been described to cause severe hereditary diseases related with lipid transport, such as fatal surfactant deficiency or harlequin ichthyosis. In addition, most of them are hypothesized to participate in the subcellular sequestration of drugs, thereby being responsible for the resistance of several carcinoma cell lines against drug treatment. The objective of this review is to summarize the literature for this subfamily of ABC transporter proteins, excluding ABCA1 and ABCA4, which will be discussed in other chapters of this issue.
In 1994, aiming at the identification of new members of the recently described ABC transporter family, Luciani et al. [32] designed a PCR approach based on the high degree of homology within this family of proteins. This resulted in the identification of two novel ABC transporter proteins, named ABC1 and ABC2, present on the human genome in very close locations on chromosome 9. This led to the establishment of a new subfamily for their classification, the ABCA subfamily.
This subfamily contains the largest ABC proteins known to date, some of them over 2,100 amino acids long and more than 200 kDa of predicted molecular weight. Excluding ABCA14-A17 proteins that have been only cloned in rodents [5, 12] , the human ABCA subfamily is composed of 12 members and divided into two subgroups. One subgroup is formed by five genes, ABCA5, A6, A8, A9, and A10, that are located in a cluster on human chromosome 17 [4] . In addition to this special gene arrangement, the five members of this cluster present a series of structural differences not only as compared to the second subgroup of the A-family of ABC transporters, that is located dispersedly in the genome, but also in comparison to other known ABC transporters. The objective of this review is to summarize the literature for the members of the ABCA subfamily, excluding ABCA1 and ABCA4, which will be discussed in separate chapters of this issue. Information about gene and protein structures, function, tissue expression, and potential associations with human diseases will be specified for each ABCA transporter in the respective paragraphs. The main characteristics of all ABCA genes are presented in Table 1 .
ABCA2
The human ABCA2 protein consists of 2,436 amino acids and has a molecular mass of approximately 250 kDa [22] . As mentioned above, ABCA2 is located on chromosome 9q close to ABCA1, a protein involved in cellular cholesterol efflux (see review by G. Chimini in this issue). Both genes share a high degree of homology, strongly suggesting a duplication event during evolution [32] . Interestingly, the ABCA2 gene presents an unusually compact structure, spanning only 21 kb, instead of the average 32-250 kb of other full-transporters [22] . The protein structure of ABCA2 is also similar to ABCA1: the protein contains two symmetrical halves and, between them, a long cytoplasmic regulatory domain interrupted by a stretch of highly hydrophobic residues (HH1; Fig. 1 ) that dips into the membrane [32, 48] . This highly hydrophobic segment represents a special structural feature of the members of the ABCA subfamily (Fig. 1) .
Being predominantly expressed in the brain [48] , ABCA2 has a unique expression profile within this subfamily. In the promoter region of this gene, target sites important in neural development, differentiation, and macrophage activation were identified [22] . ABCA2 is located in lysosomes where it is thought to play an important role in neuronal lipid transport. This hypothesis was tested in the rat in several studies by the group of Zhou and Inagaki [45, [55] [56] [57] . High expression of ABCA2, as a lysosome-associated protein, was found only in the cell bodies of oligodendrocytes [56] and solely in restricted regions of the newborn spinal cord. ABCA2 expression colocalized in time and space with myelination markers (i.e., O4 and myelin basic protein) [57] and appearance of thick myelin segments [45] . Recent works indicate a relationship between ABCA2 and Alzheimer's disease (AD). Colocalization with beta-amyloid peptide and other AD markers was reported [11] , and one synonymous SNP in human ABCA2 was significantly associated with earlyonset development of this disease [33] . As AD is associated with lipid transport disorders and abnormal myelination, it is very likely that ABCA2 is implicated in controlling lipid trafficking from the neuronal cell body to the membrane [45] .
As with other genes of the ABCA subfamily, a secondary role of ABCA2 in drug transport is a matter of intense research. The resistance of tumors to chemotherapy is considered to be partly due to overexpression of transmembrane transport proteins. Expression of ABCA2 was found to be significantly increased in tumor cell lines resistant to estramustine [29] and mitoxantrone [8] , supporting the hypothesis that ABCA2 might store the drugs in lysosomes and possibly promote their export out of the cell. Consistently with the role of ABCA2 in the nervous system, ABCA2 expression has been reported to represent a useful marker in vestibular schwannoma, one of the most common benign intracranial tumors [50] .
ABCA3
The ABCA3 gene was originally cloned in 1996 from a cDNA library constructed from a human medullary thyroid carcinoma cell line. It is a 1,704-amino acid protein (molecular weight approximately 150 kDa), mapping to human chromosome 16p13.3 and has a very similar structure as ABCA1 and ABCA2, including the HH1 hydrophobic residues (Fig. 1) [14, 27] .
ABCA3 was found to be predominantly expressed in alveolar type II cells in the lung [53] . ABCA3-specific antibody staining of lung tissue revealed ring-like structures in the cytosol of the cells, suggesting that the protein is specifically concentrated in the membrane of lamellar bodies [53] . Lamellar bodies are densely packed lysosome-like structures storing pulmonary surfactant, a mixture of phospholipids and proteins, which reduces the surface tension at the air-liquid interface. The secretion of pulmonary surfactant represents a critical feature in the switch of the lung from an aqueous to an air environment at birth. After birth and throughout life, alveolar type II cells regulate the surfactant concentration in the alveolar space by secretion, reabsorption, and storage in lamellar bodies. As the lamellar structures obtained by ABCA3-specific staining are very similar to those generated by ABCA2 in the brain, ABCA3 is hypothesized to play an active role in the excretion of the lipid fraction of the pulmonary surfactant [35] .
Because of this crucial function, ABCA3 expression levels have to be tightly regulated during fetal lung development. In rats, the highest ABCA3 transcript levels are detected 1-2 days before birth [34] . As glucocorticoids are known to induce fetal maturation, Yoshida et al. [54] tested the effect of intraperitoneal injection of dexamethasone (Dex) into pregnant rats. Significantly increased expression levels of ABCA3 in Dex-induced rats were demonstrated, and consistently, a glucocorticoid-response element (GRE) was identified within the 5′-flanking region of the gene. The promoter activity was induced twofold in the presence of Dex, an effect that was abolished after deletion of the GRE or introduction of a point mutation within the promoter sequence [54] .
The clinical impact of defective ABCA3 function becomes apparent in the development of fatal surfactant deficiency in newborns [44] . More than two-thirds of the subjects suffering from this lethal disease carried nonsense or frameshift mutations in the ABCA3 gene. Electron micrograph images revealed abnormally small and dense lamellar bodies and peripheral inclusions in this organelle. More recently [10] , it has been shown that mutations in ABCA3 are not always associated with fatal neonatal surfactant deficiency, but can be the cause of other nonlethal lung diseases.
In addition to thyroid carcinoma, ABCA3 has been detected in other tumoral cell lines, such as neuroblastoma or acute myeloid leukemia cells, showing resistance to drug treatment [18, 36, 52] . In these cells, ABCA3 is hypothesized to have a function in intralysosomal drug sequestration similar to ABCA2.
ABCA7
Among the multiple physiological pathways in which ABC transporters are implicated, lipid transport is one of the most studied due to its high impact on human health. In the year 2000, ABCA7, a new member of the A-subfamily, has been identified, and it extended the group of ABC transporters associated with lipid homeostasis. In pioneer cloning work [21] , ABCA7 was characterized as a 2,146-amino acid protein sensitive to sterol concentrations. The expression levels of the protein were shown to change in different cholesterol import/export situations: in induced sterol uptake conditions, a notable increase in mRNA levels of this gene occurs, while cholesterol-depleting conditions results in down-regulation of its expression [21] . These studies propose that ABCA7 plays an important role in lipid trafficking at its distinct sites of expression.
However, several studies [17, 31] demonstrated that the role of ABCA7 in lipid transport is secondary in comparison to ABCA1, the major cellular lipid export protein.
Experiments by Hayashi et al. [17] demonstrated that ABCA7 generates mostly small cholesterol-poor HDL particles, whereas ABCA1 forms predominantly big cholesterol-rich particles. Moreover, knockout of ABCA7 function in mouse macrophages did not seem to affect phospholipid or cholesterol efflux to apolipoprotein A-I, while inactivation of ABCA1 resulted in a complete absence of efflux [31] .
ABCA7 has been suggested to play an important role in lipid transport within defined microenvironments. ABCA7 expression was detected in murine renal tubules in the apical brush border membrane [31] . In this context it should be noted that the kidney plays a major role in apolipoprotein A-I catabolism, and expression of other ABC transporters related with lipid homeostasis has been demonstrated in this organ [13] . In female, but not male, ABCA7 knockout mice, a significant reduction in visceral fat and serum cholesterol concentrations has been described [26] . Moreover, ABCA7 expression was detected during late keratinocyte differentiation in humans and was shown to significantly influence ceramide levels [25] . Taken together, these data indicate an important association of ABCA7 with lipid transport processes.
Expression of ABCA7 has been found in myelolymphatic tissues such as thymus, spleen, bone marrow, and fetal tissues [21] . Further analysis revealed that ABCA7 mRNA is expressed in lymphocytes, granulocytes, and monocytes, suggesting a role of ABCA7 in hematopoiesis. In agreement with this hypothesis, Broccardo et al. [9] identified several regulation sites targeted by lymphomyeloid-specific transcription factors both in the human ABCA7 and in the mouse abca7 promoter regions. However, Sasaki et al. [43] reported highly specific ABCA7 expression in rat platelets, suggesting this to be responsible for the appearance of the protein in spleen and bone marrow in those previous works. Thus, the relationship of ABCA7 with blood cell lineages remains to be elucidated. Similar to ABCA1, one extracellular domain of ABCA7 has been associated with Sjogren's syndrome [46] , but the exact relationship with this disorder has not been assessed yet.
An alternative splicing event for ABCA7 has been described, resulting in the generation of two ABCA7 transcripts with different tissue distribution and subcellular localization (plasma membrane or endoplasmic reticulum) [19] . Whether this splicing event is of physiological relevance is yet unknown.
ABCA5, A6, A8, A9, and A10: the chromosome 17q24 cluster According to their chromosome localization and phylogenetic analysis, the ABCA subfamily can be divided into two subgroups. Eight members of the subfamily are located dispersedly in the genome, while ABCA5, ABCA6, ABCA8, ABCA9, and ABCA10 are arranged in a chromosome cluster on mouse chromosome 11 [2] and human chromosome 17 [4] .
In addition to their special chromosome arrangement, all genes included on the cluster are significantly shorter than the other members of the family (38-40 instead of usually 50-52 exons). Moreover, with the exception of ABCA5, the five members of the cluster show a high amino acid identity (up to 78%) [4] , which is not found when these genes are compared with other members of the ABCA subfamily (around 30% in most cases). This led to the subdivision of this subfamily into two distinct subgroups.
Interestingly, for the five members of the cluster, the Cterminal nucleotide binding domain (NBD) contains the Walker A and B motifs, but lacks the signature C motif. This highly specific feature suggests that the five genes of the cluster have evolved from each other after gene duplication events or originate from a common ancestor gene. Excluding ABCA8, the members of this cluster present protein variants [23, 40, 51] , pointing to an evolutionary development to acquire a broader functional flexibility, as described for other gene clusters with transport function [15] . The relative mRNA expression of the "ABCA6-like" transporters in human tissues is presented in Table 2 .
Three members of the 17q24 cluster (ABCA6, ABCA9, and ABCA10) were demonstrated to be cholesterolresponsive and characterized in humans [23, 40, 51] . First to be cloned was ABCA6. Because of their high sequence homology and function analogy, these genes are referred to as "ABCA6-like transporters".
ABCA5
The ABCA5 protein shows an amino acid sequence identity of maximal 42% to the proteins of the 17q24 cluster. However, the homology with other ABCA subfamily members is even lower, suggesting ABCA5 to claim a unique position within this subfamily [38] . The human ABCA5 protein consists of 1,642 amino acids, with a predicted molecular weight of approximately 183 kDa [38] .
Sequencing of the human ABCA5 resulted in the identification of two alternative splicing sites, caused by base insertions at the end of exons 20 and 23; accordingly, two different protein transcripts were detected by Northern blot analysis [38] . Expression of a 6.2 kb ABCA5 transcript was found to be especially abundant in skeletal muscle, with lower levels in kidney, liver and placenta, while a >9 kb transcript was present in samples purified from human colon carcinoma cell lines. However, the biological meaning of these alternative splicing events is yet unknown. For example, the insertion of 16 bp in exon 21 results in a truncated polypeptide of 925 amino acids, comprising the first transmembrane module and the first NBD. Whether this structure functions as a half-transporter in conjunction with other ABC transporters or as a regulatory element remains to be elucidated.
Recently, rat Abca5 mRNA expression was located in Leydig cells, a major site of testosterone synthesis [39] . In previous work by Kubo et al. [28] , murine ABCA5 protein was detected in lysosomes and late endosomes. ABCA5 −/− mice developed characteristic symptoms of lysosomal diseases in ABCA5 expressing tissues (mainly heart and thyroid gland) and died when reaching adulthood [28] . Therefore, ABCA5 is proposed to play an important role in intracellular trafficking. However, further functional assays are necessary to identify the substrates for ABCA5 and to assess a potential implication of this transporter in human diseases.
ABCA6
Human ABCA6 consists of 1,617 amino acids with a calculated molecular weight of approximately 160 kDa and a classical ABC full-transporter structure [23] . In the same work, an alternative ABCA6 mRNA variant was identified, caused by the skipping of exon 14 that introduces a preterminal stop codon. The transcript generated is composed of 637 amino acids and has the structure of a halftransporter. Whether this truncated protein homo-or heterodimerizes to form a complete transport complex or whether it has a different function (e.g., regulation of the expression, membrane signalling, etc.) remains to be elucidated.
The human ABCA6 gene is ubiquitously expressed in the organism, with high levels found in liver, lung, heart, brain, and ovaries. It has been described to be up-regulated during macrophage differentiation and to be responsive to cholesterol concentrations [23] . Therefore, it is likely that ABCA6 plays an important role in macrophage lipid transport. Whether this function is performed as a single gene or in conjunction with other ABC transporters implicated in lipid transport, such as ABCA1, ABCA7 or other ABCA6-like transporters, is still unclear. ABCA6 may also play a role in drug transport, as significant expression was found in lymphoma cell lines with weak response to drug treatment [20] .
ABCA8
The human ABCA8 protein consists of 1,581 amino acids and has a classical full-transporter structure, with 14 predicted membrane spanning segments [47] . It has been demonstrated to exert an ATPase-dependent drug transport function, with a substrate specificity very close to the multidrug resistance-associated protein 2 (MRP2; ABCC2), a member of the ABCC subfamily implicated in substance trafficking through the blood-brain barrier [16] (see review by D. Keppler and A. Nies in this issue). Expression of ABCA8 mRNA was found in various organs including heart, Adrenal gland
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Fetal kidney nd [40] , and Wenzel et al. [51] . Gene expression levels for individual tissues were determined by dot blot analysis and quantitated densitometrically. Less detailed information is available for ABCA5 and ABCA8 (see Table 1 and text) a Expression varied depending on the location in the nervous system (see Piehler et al. [40] and Wenzel et al. [51]) liver, and muscle. Further studies are necessary to assess the exact function of ABCA8 in these tissues.
ABCA9
To date, this ABC transporter has been cloned and characterized in humans in only one published work [40] . However, the data presented do support the classification of ABCA9 within the subgroup of ABCA6-like transporters: short length (1,624 amino acids), identification of splicing variants, and a potential role in lipid homeostasis. As previously demonstrated for the ABCA6 transporter [23] , ABCA9 mRNA levels are up-regulated during monocyte differentiation into macrophages and respond to stimulation with cholesterol [40] . Expression of this gene occurs in a wide range of tissues, with high levels found in lung, central nervous system, reproductive tissues, and fetal tissues. Expression of the closely related ABCA6 gene in fetal tissues was not detectable or of a lower range, suggesting a specialization of ABCA9 for covering similar functions during organ development.
Piehler et al. [40] described a canonical ABCA9 protein and three splicing variants, two of them generated by intron retention and one by exon skipping. All alternative splicing events result in the introduction of preterminal stop codons. The biological roles of these alternative transcripts are still unknown. However, expression levels of the ABCA9Δ+55 transcript in human macrophages were regulated coordinately with the canonical ABCA9 transcript, supporting the hypothesis that it has a biological function related with that of the canonical protein.
ABCA10
ABCA10 represents the most recently cloned gene of the 17q24 cluster [51] . This transporter shares all structural characteristics with the other members of the cluster, and is also categorized in the subgroup of "ABCA6-like transporters". This 1,543-amino acid / 176 kDa protein has a fulltransporter structure, with the characteristic absence of the signature sequence in the C-terminal NBD. It shares the highest nucleotide sequence homology with ABCA6, A8, and A9 [51] , suggesting that these four genes originate from the same ancestor. ABCA10 and most of the currently identified ABCA transporters contain PEST sequences within their N-terminal transmembrane domains [42] . These sequences regulate the calpain-dependent degradation of the protein, and therefore control the membrane availability of the transporter, as shown before for ABCA1 [49] .
Similar to the other "ABCA6-like" genes, the existence of splicing variants and the responsiveness to sterol concentrations have also been described for ABCA10 [51] . This gene is expressed predominantly in the intestinal tract, where other ABC transporters (ABCG5 and ABCG8, see review by S. E. Hazard and S. B. Patel in this issue) play an important role in lipid transport processes [7] . The exact function of ABCA10 is supposed to be related with those processes, but this remains to be verified.
In summary, all "ABCA6-like" transporters present highly homologous sequences and are regulated by cholesterol levels. However, their expression pattern and tissue distribution reveal significant differences. The marked similarities and localization on a gene cluster support the hypothesis that they originate from a duplication process during evolution. Whether this occurred as a specialization process for developing similar functions at different locations or whether these genes exert synergistic activities are challenging hypotheses to be tested in future studies. In addition, it will be of high interest to investigate the potential biological significance of the splicing variants present in all "ABCA6-like" transporters.
ABCA12
The human ABCA12 gene is located on chromosome 2q34 and encodes for two splicing variants of 2,595 and 2,516 amino acids; both of them are predicted to have two NBDs and two transmembrane domains [3] .
Expression of ABCA12 was predominantly found on the skin and in the stomach. The ABCA12 gene is located on a chromosomal region previously linked to skin diseases, diabetes mellitus, and congenital cataracts [3] . In agreement with the assumption that ABCA12 plays a role in skin lipid homeostasis, high ABCA12 expression was found in healthy keratinocytes. Mutations in the ABCA12 gene were detected in patients suffering from lamellar ichthyosis type 2, a rare hereditary disease characterized by skin desquamation over the whole body [30, 37] . Harlequin ichthyosis (HI), the most severe form of this disease, was described to be causally linked to mutations in ABCA12 [24] . This often-lethal disease is caused by a disorder in the keratinization process resulting in the coverage of the whole body with a thick "armor"-like scale layer. Prior to identification of ABCA12 mutations in this disease, prenatal diagnosis for HI was only possible in fetal biopsies. Therefore, the recent work by Akiyama et al. [1] , suggesting the feasibility of HI diagnosis during pregnancy, could represent a major diagnostic and analytical advance in this severe disease. In this study, five distinct mutations in the ABCA12 gene were identified in HI patients. The ABCA12 protein was localized in the lamellar granules of keratinocytes [1] , where it may play a major role in the regulation of lipid trafficking. Moreover, the defect in cultured keratinocytes could be corrected after gene transfer [1] , implying the possibility of a future gene therapy for HI.
ABCA13
Human ABCA13 is the largest ABC transporter protein described to date, with a length of 5,058 amino acids and a predicted molecular weight of >450 kDa [41] . A characteristic feature of ABCA13 is the extraordinarily long Nterminal cytoplasmic tail, which is encoded by 30 exons and spans more than 3,500 amino acids. The ABCA13 gene maps to chromosome 7p12.3; this region is genetically linked to Schwachman-Diamond syndrome, a genetic disorder affecting the pancreas, and a locus involved in Tcell tumor invasion and cancer metastasis. Consistently, elevated expression of the ABCA13 gene was found in leukemia, prostate tumor, and CNS tumor cell lines, where it could play a role in transport of xenobiotics and subsequent drug resistance.
However, the expression levels of ABCA13 mRNA in healthy tissues are very low, and the transcript was only detectable in a small number of tissues, including the trachea, testis, and bone marrow [41] . The murine ABCA13 promoter region was found to contain transcription factor binding sites associated with myeloid and lymphoid cell types [6] . Ubiquitous mRNA expression in blood derived cells was demonstrated [6] , suggesting a role associated with hematopoiesis. Nevertheless, future functional studies are needed to identify the exact function and substrates of this novel transporter.
Other members of the ABCA subfamily
Recently, four other members were added to the Asubfamily of ABC transporters, but they have been only cloned from mouse and rat [5, 12] ; to date no orthologues are described in the human genome. ABCA14, ABCA15, and ABCA16 are arranged in a cluster on mouse chromosome 7, while ABCA17 is located separately. ABCA14-17 are full-transporter proteins exclusively expressed in the testis [12] . It has been proposed that these proteins have functions related with lipid transport during testis development and/or spermatogenesis [12] . Indeed, ABCA17 was localized by in situ hybridization to germ cells in the seminiferous tubule [5] . In HEK293 cell lines transfected with ABCA17, its subcellular expression was restricted to the endoplasmic reticulum. The function of ABCA17 has been associated with lipid export to the sperm [12] .
In summary, the members of the ABCA subfamily of transporters play an important role in lipid transport processes. Most of them were found to be expressed in lysosome-like structures and to be related with lipid trafficking. Consistently, mutations in ABC transporters of the A-subfamily have been identified to be the cause of severe disorders associated with lipid transport. Members of the human chromosome 17q24 cluster seem to have evolved from similar evolutionary processes and have developed similar functions in different locations within the body. Potential synergistic relationships between the members of the ABCA subfamily or with other ABC transporters remain to be elucidated.
